The ce ment in dus try con trib utes about 5% to global anthropogenic CO 2 emis sions, and is thus an im por tant sec tor in CO 2 -emis sion mit i ga tion strat e gies. Car bon diox ide is emit ted from the cal ci na tion pro cess of lime stone, from com bus tion of fu els in the kiln
In tro duc tion
Car bon di ox ide emis sion and its re duc tion is the sub ject each sec tor of the so ci ety, espe cially econ omy, needs to deal with. Responsibilities and di rec tives es tab lished with the aim to re duce the global warm ing are on one hand, and on the other is the re spon si bil ity of the com panies and in di vid u als in the at tempt to find the way to re duce the emis sion of the green house gases (GHG) ef fect main tain ing the sat is fac tory pro duc tiv ity.
The main emit ters of GHG emis sions are the fol low ing sec tors: power gen er a tion, trans port, build ings, and in dus try and man u fac tur ing.
The global ce ment in dus try it self is a ma jor emit ter and con trib utes around 5% towards anthropogenic CO 2 emis sions through the chem i cal pro cess of pro duc ing clinker and the ex ten sive use of en ergy. Global ce ment pro duc tion grew from 594 Mt in 1970 to 2284 Mt in 2005, with the vast ma jor ity of the growth oc cur ring in de vel op ing coun tries, es pe cially China. In 2005, China pro duced 1064 Mt (47% of world ce ment pro duc tion), while In dia, Thai land, Brazil, Tur key, In do ne sia, Iran, Egypt, Viet nam, and Saudi Ara bia ac counted for an other 394 Mt (17%) [1] .
Port land ce ment (the most com mon type of ce ment used in many parts of the world) is an im por tant in gre di ent in con crete pro duc tion and is one of the most in ten sive en ergy ma te ri als pro duced, af ter alu mi num and steel (2.9 ± 3.2 GJ/t) [2] .
Car bon di ox ide is emit ted from the cal ci na tion pro cess of lime stone, from com bus tion of fu els in the kiln, and from the coal com bus tion dur ing power gen er a tion.
In the search for a re duc tion of GHG ef fect sev eral pro ce dures are em pha sized: -improvements of the manufacturing processes (e. g. enhancing the energy efficiency of cement kilns), -use of certain "waste" in the production processes (e. g. as alternative fuels in the cement kiln), -optimizing the composition of cement (e. g. using blast furnace slag, power station fly ash, etc.), and -substituting fossil fuel with biomass and/or fossil fuel waste.
Also, one of the pos si ble ways to reg u late the GHG emis sion is par tic i pa tion in the emis sion trad ing sys tem (ETS).
As a new method al ter na tive ce ments and CO 2 re moval from flue gases in clinker kilns are stressed. Pro cesses that are es pe cially suc cess ful are al kali ac ti vated ce ments, mag ne sia cements, and sulfoaluminate ce ments. In many cases al ter na tive ce ments have con sid er able po tential in terms of en vi ron men tal, en gi neer ing, and eco nomic prop er ties [3] .
As one of the more ef fec tive ways for CO 2 emis sion re duc tion is the in creased use of ad di tives in ce ment pro duc tion, es pe cially fly ash [4, 5] .
This pa per pres ents a CO 2 emis sions cal cu la tion meth od ol ogy from the pro cess of cement pro duc tion based on the per ceived places of its oc cur rence. Also, ways of its re duc tion are pre sented as well as the ef fects that might be ac com plished.
CO 2 emis sion in the ce ment in dus try

Pro cess over view
This pa per pres ents one of the most com mon pro cesses in the mod ern ce ment pro duction, the dry method ce ment pro duc tion with a four-stage cy clone pre-heater which is sit u ated in the Ce ment Fac tory in Novi Popovac in Ser bia. The pro cess which is pre sented in fig. 1 in cor porates a ro tary kiln, a pre-heater, a cooler, and a combustor (burner). The char ac ter is tic pa ram eters of the pro cess such as raw ma te rial and fuel con sump tion, clinker pro duc tion and vol umes of flue gas com po nents pro duc tion are pre sented in tab. 1. The high tem per a tures in the cy clone pre-heater and the ro tary kiln cause the con tin u ous trans for ma tion of the raw mix ture into sintered clinker.
The pro duc tion cy cle of ce ment typ ically con sists of four stages. The first stage is trans port and prep a ra tion of raw ma te ri als. The sec ond stage, where the most en ergy is con sumed, is re lated to the clinker pro duc tion. The third stage is pro duc tion of Port land ce ment, and the last (fourth) stage con sists of trans port of the fin ished goods, qual ity as sur ance, and other mi nor pro cesses.
The raw ma te ri als used for ce ment pro duc tion are lime stone and small quan ti ties of other ma te ri als. The raw ma te ri als are crushed and ground in special mills. The exit prod uct is called raw meal. Af ter ho mog e ni za tion, the raw meal is fed into the top of the pre-heater mov ing from the top (first stage pre-heater) to the bot tom (fourth stage pre-heater) ( fig. 1 ). Hot gases com ing from the ro tary kiln are mov ing in the op po site di rec tion. Raw ma te rial com ing out the pre-heater and en ter ing the ro tary kilns co mes to the pro cess of cal ci na tion and sintering, and clinker pro duc tion. The chem i cal com po si tion of the clinker is pre sented in tab. 2. In gen eral, cal ci na tion can be pre sented by fol lowing re vers ible re ac tion:
It should be noted that the for ma tion of a cer tain amount of CaO starts at a tem per a ture of about 550 °C. Fur ther in crease in tem per a ture, in the zone of cal ci nation, has as a re sult ac cel er a tion of cal ci na tion and releas ing of large amounts of CaO (and CO 2 ). In the tran si tional zone, the tem per a ture in creases and the cal ci na tion goes to the end.
Pro duced clinker goes into the cooler in which comes to its in ten sive cool ing and warm ing at the same time the out side com ing air which goes in the ro tary fur nace (such as the so-called sec ond ary air). Clinker goes out of the cooler and on the trans por ta tion sys tem that still leads it to ce ment mill. Dur ing the move ment of raw ma te ri als and flue gases, the tem per a ture of gases in the di rec tion of move ment de creases (from 1900 °C to 350 °C), while the tem per a ture of raw ma te ri als in creases (70-1420 °C).
Fig ure 1 pres ents the scheme of the ro tary kiln with a four-stage pre-heater and cooler, in clud ing the ma te ri als flow di rec tions and tem per a tures of the ma te ri als in the in di vid ual parts.
Fuel that is used for pro vid ing en ergy nec es sary for the pro cess may be dif fer ent. The most widely used fuel is high qual ity coal, an thra cite, and nat u ral gas. In ad di tion to these conven tional fu els, many other al ter na tive fu els such as old tires, mu nic i pal waste, etc. can be used, in an at tempt to re duce en ergy con sump tion and GHG emis sion. To sup ply the nec es sary en ergy, the fuel can be de liv ered to the combustor pres ent at the up stream of the ro tary kiln (pri mary de liv ery) or by di rect in ser tion in the tran si tion from the pre-heater and the ro tary kiln (sec ond ary de liv ery of fuel).
In the pre sented pro cess an thra cite and scrape tires are con sumed. Its spe cific consump tion and char ac ter is tics are pre sented in tab. 1 and tab. 3.
In tab. 3 the com po si tion of the two types of fly ashes, which are most of ten used in the pro duc tion pro cess, is pre sented: fly ash with high con tent of CaO (HFA) and fly ash with low con tent of CaO (LFA).
Car bon dioxide emis sion
In or der to es ti mate GHG emis sion from the pro cess of ce ment pro duc tion it is im portant to iden tify the po ten tial recourses of GHG emis sions. A fa cil ity in volved in ce ment pro duction may have var i ous sta tion ary and mo bile fuel com bus tion pro cesses oc cur ring on-site that lead to GHG emis sions. Sev eral pri mary pro cess sources di rectly linked with the clinker pro duction (e. g. lime stone cal ci na tion) or with other fa cil ity sys tem may also re sult in GHG emis sions, de pend ing on the con fig u ra tion of the spe cific fa cil ity. The main sources in Novi Popovac fa cility, where CO 2 is emit ted, are the clinker pro duc tion pro cess in ro tary kiln and sta tion ary combus tion.
Clinker pro duc tion pro cess
The clinker (cl) pro duc tion pro cess oc cur ring in the kiln re sults in CO 2 emis sions from the cal ci na tion of lime stone to pro duce lime, eq. (1). The emis sions are es sen tially di rectly propor tional to the CaO and MgO con tent of clinker (chem i cal com po si tion of the clinker is presented in tab. 2) and should be based on the quan tity of pro duced clinker (daily clinker pro duction is pre sented in tab. 1).
For CO 2 emis sions cal cu la tion from the cal ci na tion pro cess based on clinker pro duction data, it is used the fol low ing eq. (2) [6] :
where EF cl is the emis sion fac tor for the clinker pro duced (tonnes CO 2 /tonne clinker), and Q cl the quan tity of clinker pro duced (tonnes). The eq. (2) as sumes that all of the CaO and MgO in the clinker is from a car bon ate source (e. g. CaCO 3 , MgCO 3 in lime stone).
The EF for clinker is based on the CaO and MgO con tent of the clinker and the stoichiometry of the cal ci na tion re ac tion, as fol lows: MgO cl is the mag ne sium ox ide con tent of clinker pro duced, cor rected for other MgO sources, if ap pli ca ble.
Ac cord ing to eq. (3), and data from tab. 2 the EF is cal cu lated as: [7] .
Car bon dioxide emis sion from clinker pro duc tion ac cord ing to eq. (2) and date for quan tity of clinker pro duc tion (2000 t per day, tab. 1) and cal cu lated EF (0.553 t CO 2 /t clinker) are:
Emission clinker production ( ) t CO per t cl 
Sta tion ary com bus tion emis sions
Es ti ma tion of the quan tity of CO 2 emis sions from sta tion ary com bus tion pro cesses accord ing to the de tailed fu els-based ap proach is avail able us ing the gen eral eq. (6):
where a is the fuel type, and b the sec tor or source ac tiv ity. This ap proach re quires a good knowl edge of the quan tity and the qual ity of fuel types con sumed in the source com bus tion pro cesses iden ti fied and the use of CO 2 EF that are fuel-specific. To cal cu late CO 2 emis sions un der this ap proach, the first step is to de ter mine the quan tity of fuel combusted for each fuel type used in the sta tion ary com bus tion pro cess(es). The next step is the choice of an ap pro pri ate EF for each fuel type con sumed. It is good prac tice to use a fa cil ity-spe cific or lo cally avail able EF as this should be more rep re sen ta tive of lo cal or fa cil ity con di tions with re gards to fuel types and/or op er at ing con di tions.
Car bon dioxide emis sion fac tor
Car bon di ox ide EF for fuel com bus tion are pri mar ily de pend ant on the prop er ties of the fuel and, to a lesser ex tent, the com bus tion tech nol ogy. The fol low ing gen eral equa tion (adapted from Joint EMEP/CORINAIR, 2001, [8] ) can be used to de ter mine a CO 2 EF, by fuel type, for the de tailed fu els based ap proach:
where EF CO 2 is the fa cil ity EF, by fuel type (in mass of CO 2 permass of fuel [e. g. kgkg -1 , tt -1 ]), 44/12 the stoichiometric ra tio of CO 2 /C (ac cord ing to An nex VII of 2007/589/EC, tab. 2, stoichiometric ra tio) is 3.664, C C fuel the car bon con tent of fuel (in mass of C per mass of fuel [e. g. kgkg -1 , tt -1 ]), and 4 the frac tion of car bon ox i dized. The fuel com po si tion data for the fuel combusted at the fa cil ity can be used to de termine the car bon con tent of the fuel. In tab. 3 the chem i cal com po si tion of an thra cite and scrape tire is pre sented. It is as sumed that the only prod uct of the ox i da tion pro cess is CO 2 . Prod ucts of in com plete ox i da tion, such as car bon mon ox ide (CO), are as sumed to un dergo com plete ox i dation to CO 2 in the at mo sphere af ter be ing emit ted [9] . Thus, all car bon from these emis sions is ac counted for in the to tal for CO 2 emis sions (4 = 10).
The EF are:
EF anthracite ( ) t CO per t fuel 
For fu els where the car bon con tent var ies sig nif i cantly from year to year (such as coal), a new EF should be de vel oped for each in ven tory pe riod.
Car bon dioxide emis sion from com bus tion pro cess can be cal cu lated as a sum of CO 2 emis sion from an thra cite and scrap tires com bus tion. Hav ing in mind the con sump tion of anthra cite of 0.1151 t/t clinker and scrape tire of 0.0157 t/t clinker (tab. 1), and clinker pro duc tion of 2000 t per day, tab. 1, the CO 2 emis sion on the year ba sis is then:
Emission stacionary combustion ( ) ( 
It is clear that CO 2 emis sion from the clinker pro duc tion is al most twice higher than the emis sions from com bus tion pro cess.
The spe cific emis sion (SE) from fa cil ity per t pro duced clinker is: 
Car bon dioxide re duc tion
A gen eral ap proach of CO 2 re duc tion starts with the iden ti fi ca tion of the main sources of emis sions and af ter that through good knowl edge of pro cesses and en ergy con sump tion try to re duce emis sions. In that way two main prin ci ples are pos si ble:
Car bon dioxide emis sion re duc ing from clinker pro duc tion: -de creas ing the clinker fac tor in blended ce ment, -use of non car bon ated cal cium sources in the raw mix ture, and -use of alternative raw material that contains carbonates (fly ash, slag, gypsum, anhydrite, fluorite). Car bon dioxide emis sion re duc ing from com bus tion pro cess: -energy efficiency improvement, -substituting fossil fuel with biomass and waste, -fuel switching from coal or petroleum fuel to natural gas, and -substituting fossil fuel with alternative fuels.
De creas ing the clinker fac tor in blended ce ment by sub sti tut ing clinker by fly ash, provides sav ings both in the pro duc tion pro cess as well as in the fuel con sump tion. En ergy trans port costs of al ter na tive raw ma te rial, which is used, is mi nor com pared to the main en ergy con sumption [10] . Sub sti tut ing clinker by al ter na tive ma te ri als, such as fly ash, of about 10% would lead to an an nual re duc tion of the emis sion CO 2 of 65258.2 t (0.1×652582 t CO 2 /t cl ), eq. (11). Converted to the pro duced amount of clinker, CO 2 emis sion re duc tion would be about 90.2 kg CO 2 /t cl .
Us ing fly ash in ce ment makes pos si ble to ob tain ce ment and con crete of a very good qual ity. Stan dards of a large num ber of coun tries al low the us age of fly ash in the amount of 15-30%. De pend ing on the qual ity of ce ment wanted to ob tain, this per cent age can be raised. Re sults have shown that the fly ash af fects pos i tively to the op er at ing char ac ter is tics of the cement paste as the im prove ment of the sul fate re sis tance and the re duc tion of 'bleed ing' in cement pastes [10] ; cor ro sion re sis tance growth [11] , better be hav ior upon higher and high temper a ture ac tions [12] , and other. By micronising fly ash it is pos si ble to achieve its con sump tion up to 50% while achiev ing the wanted ce ment qual ity [13, 14] .
In stall ing sys tem for vari able air vol ume on ven ti la tors for air in let in the com bus tion pro cess, the com bus tion in the ro tary kiln would be im proved, which would cause re duced consump tion both the prime en ergy sourse and the elec tri cal power for ven ti la tor op er a tions [15] . By ap pli ca tion of such mea sures a min i mum sav ing can be ex pected, i. e. in crease of the pro cess en ergy ef fi ciency at 10% [16] . In creas ing of the en ergy ef fi ciency of the pro cess of about 10% would lead to con sump tion re duc tion of 10% which would be seen in the CO 2 emis sion re duced of about 24885.3 t CO 2 per year, eq. (10), (i. e. CO 2 emis sion re duc tion per a unit of clinker produced would be 34.1 kg/t cl ).
Hav ing in mind that con sump tion of an thra cite for ki lo gram clinker pro duc tion is 0.1151 kg, by sub sti tut ing an thra cite with nat u ral gas for the same clinker pro duc tion, an nual emis sion of CO 2 can be re duced for 76588.7 t CO 2 . Nat u ral gas has greater value of lower heating value in re la tion to an thra cite (H L NG = 48970 kJ/kg, H L ant =21600 kJ/kg); at the same time it has sig nif i cantly smaller emis sion fac tor (e e CO NG CO ant 2 2 kg / TJ, kg / TJ = = 56100 98300 ), im pli cating that for the pro duc tion of en ergy from an thra cite an nual emit ted amount of CO 2 will be 178404.6 t, while in case of us age of nat u ral gas 101815 t will be emit ted, which rep re sents decrease of 57% of CO 2 emis sion.
It is ob vi ous that much better re sults are achieved with the in creased fly ash par tic i pation in the clinker, so at ten tion should be fo cused on find ing ways to use more fly ash in clinker.
Con clu sions
As shown by this ap proach, CO 2 emis sion from the clinker pro duc tion is al most twice higher than the emis sions from com bus tion pro cess.
Be cause of that, spe cial at ten tion is fo cused on the clinker pro duc tion, un der stand ing that re duc tion of CO 2 emis sions from the clinker pro duc tion very of ten leads to de creas ing of en ergy con sump tion.
Com par ing the ef fects achieved, on one hand by in creas ing en ergy ef fi ciency of the pro cess and on the other by sub sti tut ing one part of blended ce ment with fly ash, it can be concluded that the most ef fec tive way to re duce CO 2 emis sions is by re duc ing the clinker fac tor. The big po ten tial for CO 2 re duc tion also lies in sub sti tut ing an thra cite with nat u ral gas. This pa per pres ents the cal cu lated EF wich amounts to 0.553 t CO 2 per t clinker. Accord ing to the IPCC meth od ol ogy De fault Val ues for CO 2 Emis sion Fac tor for Clinker is 0.525. The cal cu lated EF is 5.3% larger than the De fault Val ues, which shows that the ob served plant is work ing be low the cur rent world norms of CO 2 emis sion.
